Portions of the Moon were observed by the Wisconsin Ultraviolet Photopolarimeter Experiment (WUPPE) on 1995 March 12, 14 and 17, and represent the first ultraviolet (UV) spectropolarimetric observations of the Moon. The polarimetric observations confirm that a change in the dominant scattering process occurs in the UV, changing from volume scattering in the near-UV to surface scattering in the far-UV. The data are investigated empirically. It is found that Umov's relationship holds when the polarization is perpendicular to the scattering plane. It is also found that the degree of polarization can be modelled by a phase-angle-dependent polarization modified by a wavelength-dependent depolarization factor. The scattering function for each observation is determined.
I N T R O D U C T I O N
The albedo of the Moon has been measured at ultraviolet (UV) wavelengths, both remotely (Lucke, Henry & Fastie 1976) and in the laboratory (Hapke et al. 1978; Wagner, Hapke & Wells 1987) . From these measurements it has been found that the albedo reaches a minimum value of about 1 to 4 per cent around 2000-2400 Å, and is caused by a change in the dominant scattering process. In the near-UV the dominant scattering process is volume scattering, while in the far-UV it is surface scattering. Volume scattering occurs when photons penetrate through a grain, while surface scattering occurs when photons scatter off the outer surface of a grain. A change in the dominant scattering process within the UV range is typical of a number of materials that have been studied in the laboratory (Wagner et al. 1987) , and is believed to be due to valence-conduction band transitions (Nitsan & Shankland 1976) .
The photometric variation of the Moon with phase angle is well known (Fessenkov 1962) , and has been explained by Hapke (1963) as arising due to scattering and shadowing within a dark porous material.
The polarimetric properties of the Moon were first extensively investigated by Lyot (1929) . He found that the polarization of the whole lunar disc, as well as at local sites, is perpendicular to the Sun-Moon-Earth scattering plane for phase angles V23°. At around 23°. 2 the Moon becomes unpolarized, and at smaller phase angles the polarization is parallel to the scattering plane (often referred to as negative polarization), diminishing to zero at full Moon. Lyot also found that at full Moon the polarization at the limb is parallel to the local surface normal. Gehrels, Coffeen & Owings (1964) , Coyne & Pellicori (1970) and Dollfus & Bowell (1971) have extensively investigated the wavelength dependence of polarization. These investigations confirmed that the results of Lyot (1929) applied to all visible wavelengths. It was also found that the maximum degree of positive polarization and the phase angle of polarimetric inversion (the angle at which the polarization flips sign) are wavelength-dependent, but that the maximum negative polarization was wavelength-independent.
A number of models have been used to try to explain the polarization properties of the Moon at visual wavelengths.
Such models include single and double reflections (Ohman 1955; Bandermann, Kemp & Wolstencroft 1972; Wolf 1975; Steigmann 1978) , light diffraction (Hopfield 1966 ) and coherent backscatter (Shkuratov 1989) . Unfortunately, many of these models have been found either to be incorrect explanations of the polarization, to be incomplete, or to require empirically determined free parameters. For example, Fox (1997) has shown that the coherent backscatter model (Shkuratov 1989 ) cannot explain the polarimetric behaviour of Mars, and Hapke et al. (1996) have shown that it does not explain the polarimetric nature of laboratory samples. The puka (pit) model of Steigmann (1978) , while able to model successfully the polarization for a number of solid bodies (Steigmann 1978 (Steigmann , 1984 (Steigmann , 1986 , does not correctly predict the photometric behaviour, and does not include volume scattering which will also produce a negative polarization. The model by Wolf (1975) includes a number of physical processes, but does so semi-empirically, such that although the model can reproduce the albedo and polarization well, the basis of the choice of the free parameters is uncertain. Although much laboratory work has been carried out on the polarimetric properties of materials (Dollfus 1962; Dollfus & Titulaer 1971; Dollfus, Bowell & Titulaer 1971; Geake, Geake & Zellner 1984; Hapke et al. 1996) , the cause of the negative polarization (at small phase angles) is uncertain (Hapke et al. 1996) .
O B S E RVAT I O N S
The Moon was observed on three occasions by Astro-2, a payload flown aboard the Shuttle Endeavour during 1995 March. Astro-2 comprised of three ultraviolet (UV) telescopes, namely the Hopkins Ultraviolet Telescope (HUT), the Ultraviolet Imaging Telescope (UIT) and the Wisconsin Ultraviolet Photopolarimeter Experiment (WUPPE). The mission time-line was divided amongst the three instruments. Each instrument observed its highest priority targets during its assigned part of the time-line. The Moon was a priority target for UIT. WUPPE co-observed the Moon on each occasion, while HUT observed only on the final pointing (Henry et al. 1995) .
WUPPE is a UV spectropolarimeter capable of detecting photons in the range 1500-3200 Å (Nordsieck et al. 1994 ) with a limiting resolution of 17 Å (using a 12 6 arcsec 2 slit). While the three instruments were nominally co-aligned (to within about 2 arcmin), WUPPE was able to articulate its secondary mirror by up to 15 arcmin in pitch and yaw, and thus is able to offset to a different target or, as in the case of the lunar observations, to a particular site.
The lunar observations were technically challenging for Astro-2. The Astro star tracker (attached to the Astro-2 payload), consisting of three telescopes with different fields of view, maintained pointing and guiding. Once the initial pointing was achieved (ideally centred on the geometrical centre of the Moon), the pointing system went into a 'lunar mode' which takes into account the apparent lunar parallax as the shuttle orbits the Earth. Once the Moon was visible to WUPPE via a CCD TV (4.4 3.3 arcmin 2 field of view) the image was monitored in order to articulate the mirror to a particular site. Originally, different surface features of the Moon were planned to be observed (dark maria and bright craters). However, on the first pointing it was clear that the choice of sites would be limited, because it was uncertain precisely where upon the Moon the instruments were pointing. The pointing set-up also took more time than planned, such that in order for WUPPE to get a complete observation very little time could be spent choosing the site. For all three observations the crew guided WUPPE to a dark or light area using WUPPE's CCD TV (in which pixels are on or off, depending upon the threshold of sensitivity). Just prior to starting the observation, a 6-bit grey-scale image was taken (4.4 3.3 arcmin 2 field of view) to give some post-emission guide as to where WUPPE was pointing. Unfortunately, no such picture was obtained for the March 14 observation.
The images for each observation have been analysed. (Due to the poor quality of transferring graphical images to paper output, the images are not shown here, but they will be available from NSSDC at the end of 1997.) It was found that the first pointing (1995 March 12) was at the edge of Mare Imbrium, near the Straight Range (selenographic longitude :45°N, latitude :23°W). The second pointing (1995 March 14) was at the edge of the Copernicus-C ejecta site ( :7°N, :15°W, approximately mid-way between Copernicus-C and Bode-C). Although the crew positioned WUPPE upon a bright area (according to the CCD TV), detailed comparison with lunar images suggest that, in fact, a moderately dark mare-type surface was probably observed. The third pointing (1995 March 17) was at the edge of Mare Serenitatis, near Posidonius-C ( :28°N, :28°E). The third lunar pointing was also observed by HUT, who observed Flammarion-C (Henry et al. 1995) . Our pointing was at a completely different location to HUT's, not only because of a small offset from co-alignment, but also because the crew offset to a distinctive dark area. A summary of the lunar observations is given in Table 1 . The first two columns are the date and time (in h, UT) of the observation. The third gives the total exposure time used for both the polarimetry and spectra. In general, an observation consists of a number of scans (ranging from 0.2 to 64 s, depending on the brightness of the object), being 0.5 s in duratin for each of the Moon observations. The total flux and polarization are then the vectorial addition of all the (hundreds of) individual scans (Nordsieck et al. 1994) . For most WUPPE targets the flux is the mean of those scans in which the flux was at least 80 per cent of the maximum value obtained. This enables those scans in which the target was not always in the aperture to be removed, and thus gives a better indication of the true flux level. In the case of the Moon, however, the image always filled the aperture, and hence any flux variations indicate that different features were visible during some parts of the observation caused by pointing instabilities. Since it is believed that the polarization is dependent upon the albedo properties of the surface, in order to be able to compare the flux with the polarization data, no scans can be removed from the flux data without also being removed from the polarimetry data. The fifth column in Table 1 is the phase angle (V), and the final column is the position angle ( s ) of the normal to the scattering plane projected upon the sky (see Appendix A for details). In each case, the Moon was observed using a 12 6 arcsec 2 aperture. In order to measure the polarization of an object, WUPPE uses three pairs of half-wave plates that yield the flux, polarization, position angle and polarimetric error (Nordsieck et al. 1994 ). Prior to the observation commencing, the mission time-line is used to determine how long the observation will last. This time is then divided by 3, yielding how long WUPPE will observe the target through each of the three filter pairs. If the observation starts later than planned, then time is lost on the final filter pair. It is therefore possible that in the time remaining for an observation only the first two filter pairs will be used. This occurred for the second observation of the Moon. While it is still possible to determine the flux, polarization and position angle from the data, there is no independent error estimate. Empirically, it has been found that the internal error estimate, obtained from the data reduction, has to be multiplied by a factor of 3 in order to obtain a reasonable error estimate. The polarimetric error for our second observation has included this factor. The final observation suffered from saturation effects; the data presented here are therefore those parts of the spectrum unaffected by saturation.
The geometric albedo, A (per cent), degree of polarization, P (per cent), and position angle, obs (deg), are illus- There is a broad minimum at around 2300 Å for each observation. This is indicative of a change in the dominant scattering mechanism, being volume scattering in the near-UV and surface scattering in the far-UV. The apparent absorption features at 1875 and 2275 Å, and possibly the broad hump at 2700-2900 Å, are probably not intrinsic to the Moon but due to variable solar lines. The variation of the degree of polarization with wavelength for the three sites observed by WUPPE. The wavelength dependence is the same for each observation longwards of 2125 Å, and is given by a phase-dependent polarization modified by a wavelength-dependent depolarization factor (Section 3.2). The abrupt change in the wavelength dependence shortward of 2125 Å is indicative of a change in the dominant scattering process, as found for the albedo measurements. 1800-3150 Å and are binned to 50 Å. The albedo was calculated using the method of Lucke et al. (1976, based on the model by Hapke 1963) , and by use of the solar flux given by Hall, Heroux & Hinteregger (1985) . Very briefly, since we know where WUPPE was pointing, from this, together with the lunar and solar flux at a given wavelength, it is possible to solve equation (6) The WUPPE flux was calibrated with respect to Hubble Space Telescope (HST) flux standards, giving an uncertainty of 5 per cent for the WUPPE spectra. A 5 per cent uncertainty was also adopted for the solar flux. There was no measurable flux shortward of 1800 Å with WUPPE. The polarization data were calibrated with respect to observed unpolarized standard stars. The data presented here are the results of a final calibration of the data.
The geometric albedo, A, for each observation is illustrated in Fig. 1 . The albedo can be seen to be a smooth function of wavelength, being approximately constant between 2100 and 2400 Å, and increasing steadily (almost linearly) with wavelength longward of 2500 Å. The variation of the albedo with wavelength appears to be the same for each observation; only the absolute scale appears to vary from site to site. Due to saturated data on the third observation there are a restricted number of albedo values in the wavelength range 2375-2825 Å, and no values for wavelengths greater than 2825 Å. There are a number of apparent features common to each of the albedo measurements, particularly at wavelengths 1875 and 2275 Å, and possibly the broad hump feature at 2700-2900 Å. These features may not be intrinsic to the lunar flux, but could be instead due to a various number of variable solar lines, such as multiply ionized species of Fe, Mg and Si from the solar corona (Hall et al. 1985) . They are likely to affect the data somewhat, because the solar flux was not obtained contemporaneously with the WUPPE observations (although the variations are within the estimated error). The solar flux used to estimate the albedo is for times of solar minimum. This approximately corresponds to the time of the WUPPE observations, such that the absolute albedo values should be correct to within errors.
The derived albedo values in Fig. 1 are not what would be expected from the proposed sites that were observed by WUPPE. In particular, the albedo of the first observation (Mare observed) is greater than that of the second observation (ejecta site observed). However, it is known from stellar observations by WUPPE that the pointing stability at best is about 4 arcsec in both pitch and yaw, with deviations of up to 10 arcsec frequently noted. In the light of this, it is quite likely that the first observation could have included the highland regions of Promontorium Laplace and the Straight Range, thus giving a relatively high albedo value. The second observation, which was at the edge of the Copernicus ejecta site, has a number of dark mare-type regions as well as bright ejecta rays. It is therefore likely that a dark region was observed rather than the bright ejecta material.
The albedo values presented here are consistent with the collated UV data presented by Lucke et al. (1976, their fig.  6 ) and the reflectance spectra of lunar rock samples (Wagner et al. 1987) , namely the albedo has a broad minima around 2200-2400 Å with values of 1-4 per cent. This minima has been interpreted by Lucke et al. (1976) to be due to a change in the process responsible for reflection, with surface scattering dominating in the far-UV and volume scattering dominating in the near-UV and visible range. Our data also confirm that the lunar albedo varies from site to site. The albedo data presented here fills in an important wavelength range (1800-2200 Å) that had not previously been observed remotely (although the reflectance of lunar samples have been measured at these wavelengths in the laboratory; Wagner et al. 1987) .
The degree of polarization (Fig. 2) can be seen to be a smooth function of wavelength. The wavelength dependence is the same for each observation, namely 1/Pf1ǹ ( /k) 1.3 (as will be shown in Section 3.2), where P is the degree of polarization, is the wavelength, and k is a constant. Shortward of 2000 Å it can be seen that in each case the polarization appears to increase more rapidly than longward of 2000 Å. The position angle also appears to rotate slightly at the shortest wavelengths observed (Fig. 3) . Although these position angle changes are not significant, to within errors, they are suggestive of the possibility that a different scattering mechanism becomes important shortward of 2000 Å compared to wavelengths greater than 2000 Å. This is also indicated by the albedo data, though at a longer wavelength.
The polarization of the first two observations are approximately perpendicular to the scattering plane ( obs # s ; see Fig. 3 , where the solid lines indicate the predicted position angle). Lyot (1929) has shown that for large phase angles (V23°) the polarization is always perpendicular to the scattering plane to within about 1°. However, we find that the observed position angle for the first observation is systematically about 2° lower than the predicted value of s . We are uncertain as to why this is so, but one possible explanation is that in the UV the observed position angle is affected slightly by the actual location of the site observed (close to the terminator). At the moment this is pure conjecture. High-quality observations in the near-UV (3000-4000 Å) will be required in order to investigate this anomaly further. For the third observation the polarization is parallel to the scattering plane ( obs #90ǹ s ), as indicated by the solid line. Lyot (1929) also showed that this is expected at small phase angles (V23°).
E M P I R I CA L R E S U LT S
Due to the lack of a self-consistent theory explaining the variation of both the albedo and polarization with phase angle and wavelength for solid bodies we shall investigate the data presented here empirically, using results found from previous polarimetric investigations. Umov (1905) observed that an apparent relationship between the maximum polarization (P max ) a surface can attain and its geometric albeco (A) is given empirically by log A:C 1 2C 2 log P max ,
Polarization versus albedo
indicating that darker materials have higher values of P max than brighter materials. While Dollfus & Bowell (1971) have found that for areas on the Moon C 1 :21.81 and C 2 :0.72 at visual wavelengths, it has been shown that Umov's relationship is not strictly true for the Moon (Pellicori 1969). It has also been shown that such a relationship may still exist even when the observed polarization is not P max , provided that the observations are taken at a large (but fixed) phase angle, but at different wavelengths (Steigmann 1978; Hapke 1993 ). In Fig. 4 the variation of log A with log P is shown for the three observations. One can see that for the first two observations the relationship does appear to hold, except for the shortest wavelengths ( 2125 Å) where a hook-like feature can be seen. For the third observation the data appear to be completely random.
The linear portion of the data ( 2225 Å) is empirically given by log A ( ):3.3822.38 log P ( ) (2) for the first observation, and by log A ( ):1.3521.46 log P ( )
for the second observation, with the albedo and polarization given in per cent.
The abrupt end in the apparent relationship given by equations (2) and (3) for wavelengths shorter than #2225 Å indicates that a different scattering mechanism (surface scattering rather than volume scattering) becomes important at shorter wavelengths.
If indeed Umov's relationship holds for all large phase angles (as indicated here), then the data can be written in the general form of
where P max and C max are the values obtained at the phase angle at which the polarization is a maximum, and P 0 (V, ) and C (V ) are offsets that depend on phase angle. This generalized form of Umov's relationship could prove useful as a remote diagnostic tool for interpreting the nature of a surface by comparison with laboratory values of C max , P max ( ), C (V ) and P 0 (V, ) for terrestrial samples.
Depolarization factor
A simple model that has been used successfully to explain the polarization of solid bodies is the puka (pit) model by Steigmann (1978) . Steigmann (1978) showed that for a Fresnel reflecting surface, when only single or double scattering is important, the polarization could be written in the form of
which is the polarization P (V ) at phase angle V, due to single or double scattering, modified by a depolarization factor. Here R 2 is a constant, 0 is a reference wavelength, q is a power index describing how the depolarization factor varies with wavelength, and 1 : 0 R 1/q 2 . In principle, we could use Steigmann's model to evaluate P (V ). In order to do so, however, one needs to know the refractive index of the material and how pitted the surface is. Since these values will vary from site to site, we will simply attempt to fit equation (5) to the data, and solve for the free parameters P (V ), 1 and q. For equation (5) to fit the observations meaningfully, only P (V ) may be vary for the three observations.
A 2 fit to the polarization data ( Fig. 2) was performed. It was found that q:1.2 and 1 :1200 Å for all the observations, and P (56°. 9):50 per cent, P (33°. 5):18 per cent and P (3°. 7):22.2 per cent (with the negative sign indicating negative polarization). The best fits to the data using these values are illustrated in Fig. 2 . One can see that the fit is excellent longward of 2125 Å, but is always systematically lower than the observed polarization shortward of 2125 Å, where both the polarimetry and albedo data (Figs 1-3) suggest that the dominant scattering mechanism changes. (It should be noted, however, that to within 3 the points shortward of 2125 Å the points are not significantly different from the predicted curve.) Solar systems observations by WUPPE -III 307 © 1998 RAS, MNRAS 298, 303-309 Figure 4 . Log A-log P plot for each observation (both A and P are in per cent, and P is the absolute value of the polarization). For clarity, only a sample number of error bars are shown. For the first two observations, error bars are shown at the longest observed wavelength. The errors in both log P and log A are shown; however, the error in log P is smaller than the point size. The error bars are similar at all other points. In the third observation the error on the reddest observation is again shown, but in addition to this another point has error bars included, it being the point with the largest error, to give an indication as to the possible range in error associated with each point. The first two observations show that Umov's relationship holds at large phase angles when 2225 Å. A characteristic hook-like feature is present at shorter wavelengths. The third observation shows that there is no correlation between albedo and polarization at small phase angles.
Since the fit is excellent for each of the observations longward of 2125 Å, this would indicate that perhaps Fresnel reflection is the cause of polarization. According to Steigmann's model the polarization is due to single scattering from a smooth surface for the first two observations and double scattering within pits for the third observation. From the puka model it is now possible to estimate the refractive index from knowledge of P (V ). However, from the model we find that the refractive index is required to be less than unity. Therefore, while the functional form of equation (5) (i.e., polarization modified by depolarization) can adequately model the polarization data (provided 2125 Å), our interpretation of the polarization being simply due to Fresnel reflection is wrong. This should not be surprising, however, since Fresnel reflection is a surface scattering mechanism, while at the wavelengths we have modelled here volume scattering is believed to dominate.
Scattering function
The main problem with trying to determine the possible scattering processes from polarization data alone is that the observed degree of polarization is given by the polarized flux/total flux. While the polarized flux is the result of those processes that produce polarized radiation, the total flux is a combination of both unpolarized and polarized processes. The observed polarization may therefore have a complicated wavelength dependence, from which the polarizing processes may not be readily identifiable. Ideally, what we would like to do is to isolate the polarizing mechanisms. Given that the polarized flux (F P , erg s 21 cm 22 ) due to sunlight incident upon a surface (with flux F ᖿ ) is given by
where S ( , V ) describes the properties of the scattering mechanism with wavelength and phase angle, one may solve for S ( , V ). The variation of the scattering function with wavelength is illustrated in Fig. 5 for each observation (note that the negative sign for the polarization at small angles is ignored here). The scattering function appears to have a wavelength dependence that is almost paraboloidal in shape, with a minimum occurring around 2400 Å. This again suggests that two different scattering processes are at work. The scattering function has the same wavelength dependence for each observation. This implies that the same scattering mechanisms occur at all phase angles, and thus rules out any scattering mechanism that is not important at both small and large phase angles (e.g., coherent backscatter and shadowing).
From Fig. 5 we see that the scattering function can be written in the form of
where H ( ) is a function of wavelength only, and C (V ) is a function of phase angle only. This is a very surprising result, since the proposed scattering mechanisms for solid objects (e.g., Fresnel reflection and coherent backscatter) are, in general, complex functions of wavelength, , and phase angle, V, that cannot be separated, due to the wavelength dependence of the refractive index. Even when the refractive index can be assumed to be wavelength-independent, the scattering function, according to such models, can only be written in the form of S ( , V ):H ( ) C (V ). It is therefore clear that the models presently used for scattering from rough surfaces are not applicable to the polarization data presented here.
We have attempted to fit the scattering function by a simple wavelength dependence given by
and find that there are a whole family of solutions with m, n1, such that no unique solution exists. We show in Fig . This is one of many such solutions, and it has no physical basis. For a unique solution to be found, a larger wavelength range needs to be studied. From such a study it may then be possible to fully understand the physical mechanisms responsible for the wavelength dependence of the scattering function. It is somewhat surprising that in the literature the scattering function has not been determined from observations of solid surfaces, even though this clearly enables one to isolate the scattering processes involved.
D I S C U S S I O N A N D C O N C LU S I O N S
We have presented here the first UV spectropolarimetric observations of the Moon. The albedo measurements represent the first published remote observations of the Moon in the wavelength range 2000-2400 Å. These measurements show that the known albedo minimum in this wavelength range occurs at around 2200-2400 Å, as previously found 308 G. K. Fox et al. © 1998 RAS, MNRAS 298, 303-309 with laboratory lunar samples (Wagner et al. 1987 ) and inferred from observations (Lucke et al. 1976 ). The minimum is attributed to the change in the dominant scattering process, being volume scattering in the near-UV and surface scattering in the far-UV (Lucke et al. 1976) . We have confirmed that this is the correct explanation of the albedo data by analysis of the polarimetric behaviour of the Moon. From the analysis of the polarimetric data alone (Figs 2 and 3) we have found that the wavelength at which the change in the dominant scattering process occurs is :2125 Å. A similar value ( :2225 Å) is also obtained from the breakdown of Umov's relationship, which has been found to exist at large phase angles. An analysis of the scattering function, however, shows a broad minimum (like the albedo measurements) occurring at #2400 Å.
In order to interpret the data presented here in terms of the surface properties (e.g., refractive index, particle size and surface roughness), laboratory experiments of surfaces need to be carried out at UV wavelengths. In particular, the wavelength behaviour of the polarization (and scattering function) needs to be examined more closely if the underlying scattering processes are to be understood.
A C K N O W L E D G M E N T
This research was supported by NASA contract No. NAS5-26777.
